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Abstract 
Performance of several tasks simultaneously (dual-tasks) is common in everyday walking. 
Studies indicate that dual-task walking performance declines with age together with cognitive 
function, but neural mechanisms underpinning deficits remain unclear. Recent developments 
in mobile imaging techniques, such as functional near infrared spectroscopy (fNIRS), allow 
real-time monitoring of cortical activity during walking. This study aimed to: 1) examine activity 
in motor and cognitive cortical regions when walking with a dual-task in young and older adults; 
and 2) determine the effect of cognition on dual-task cortical activity changes. 
Seventeen young (20.3±1.2 years) and eighteen older adults (72.6±8.0 years) performed dual-
task conditions, lasting 5-minutes, with alternating 30-second experimental blocks. The 
primary outcome was cortical activity, assessed by measuring changes in oxygenated 
haemoglobin (HbO2) concentrations. Cortical regions of interest (ROI) included motor regions 
(premotor cortex (PMC), supplementary motor area (SMA), primary motor cortex (M1)), and 
cognitive regions (prefrontal cortex (PFC)). Cognitive domains were assessed using standard 
tests and accelerometers were used to extract gait features.  
Cortical activity increased with a dual-task in PMC, SMA and M1 but not in PFC regions across 
groups, with response most evident with initial task exposure. Older adults did not increase 
SMA activity with a dual-task to the same level as young adults. Dual-task cortical response 
was consistently associated with greater executive function across groups.    
In conclusion, both young and older adults responded in a similar manner to dual-task 
conditions. Dual-task walking activated multiple motor regions in both groups, but no 
significant change occurred for cognitive region activation. Cortical activation with a dual-task 
related to executive function.  
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1. Introduction  
Real world walking often involves performance of several cognitive or motor tasks 
simultaneously (i.e. dual-tasks), such as walking while talking, using a mobile phone, 
navigating busy crowds or complex environments (1-3). Dual-task walking ability (i.e. safety 
and effectiveness) declines with age (4), with deficits in performance of gait or secondary 
tasks. For example, older adults tend to stop walking in order to talk (5). Importantly these 
difficulties with dual-task walking often lead to reduced mobility (6), increased distractibility 
and falls risk (7), which in turn affect quality of life (8).   
The specific neural mechanisms that underpin dual-task walking difficulties with ageing remain 
unclear (9), although there is strong evidence that cognitive resources, particularly executive 
or attentional processes play a vital role (10-12). Executive function involves a range of 
cognitive processes, such as planning, organisation and appropriate allocation of attention 
(13, 14), which occurs at the pre-frontal cortex (PFC) and other regions within the frontal lobe 
(15), with attentional projections to various cortical and sub-cortical brain centres. Executive 
function is thought to be involved in dual-task walking (16, 17), through the allocation of 
attentional resources to the simultaneous tasks. Activation of the PFC and other regions is 
required for walking and balance (18-24).  Altered cortical activity with ageing may explain 
dual-task walking dysfunction with ageing. Examination of cortical brain mechanisms or 
activation involved in walking in young and older adults, particularly under dual-task, may 
provide insights into gait impairment and aid in the development of therapeutic interventions. 
Traditional imaging (i.e. Functional magnetic resonance imaging (fMRI), positron emission 
tomography (PET), Single Photon Emission Computed Tomography (SPECT) etc.) of the 
brain while walking, to uncover cortical and sub-cortical regions/networks involved, is currently 
impossible as the head has to remain in a static (still) position to use these techniques. As a 
result imaging studies are limited to mental imagery and virtual reality protocols, which may 
not truly represent the real-time execution of walking (25). Functional near-infrared 
spectroscopy (fNIRS) is an emerging non-invasive methodology that can measure changes in 
cortical oxygenated haemoglobin (HbO2) and de-oxygenated haemoglobin (HHb) 
concentration levels while walking (26, 27), through monitoring near-infrared light (usually of 
650-950nm wavelength). The use of fNIRS for monitoring cortical activity has been used for 
over 3 decades (28), validated against traditional imaging techniques (29) and a variety of 
algorithms are available to identify and effectively reduce motion artefacts (30), which makes 
it suitable for real-time monitoring of cortical activity when walking (24). fNIRS measures 
hemodynamic changes in blood flow in the local capillary network caused by neuron firings, 
which is commonly referred to as neurovascular coupling (31). It uses near-infrared light 
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emitter-detector pairs to emit light into the skull that diffuses through brain tissues (including 
blood capillaries) resulting in scattering of multiple photons (32). These photons then exit the 
skull after passing through the cortex (typically ~1-2cm deep, with an emitter-detector optode 
distance of 3.5cm) and fNIRS detector channels measure their intensity. HbO2 and HHb have 
different absorption coefficients for the different wavelengths of near-infrared light, which can 
be used within Beer-Lamberts law (see (33) for equations) to calculate the relationship 
between an exciting photon intensity and incident photon intensity allowing calculation of 
changes in HbO2 and HHb (34).  
To date, few studies have used fNIRS to examine real-time cortical activity when walking 
under dual-task in older adults compared to younger adults (18, 35-37). Holtzer, Mahoney (36) 
showed that PFC activity increased with a dual-task in both young and older adults, with 
greater increase in young adults. In contrast, Beurskens, Helmich (18) reported little change 
in PFC activity with a dual-task in young adults, but decreased activity in older adults. More 
recently, Fraser et al. (35) and Mirelman et al. (37) reported that both young and older adults 
increased PFC activity with a dual-task, with the latter reporting greater response in older 
adults. Discrepancies between study findings highlight a need for further robust investigation, 
as previous studies have been limited by methodological issues (38, 39). For example; studies 
have used different static baseline conditions for dual-task walking comparison; such as quiet 
standing (35-37) or sitting (18), which may impact findings.   
Previous fNIRS studies have been limited to examination of only PFC activity with differences 
in the activation across other cortical areas under dual-task walking only investigated in young 
adults (20, 21, 40), therefore age-related regional differences are unknown (41). Imaging 
studies have demonstrated that gait is complex and involves multiple cortical regions (24, 42). 
Studies highlight the importance of the PFC, supplementary motor area (SMA), premotor 
cortex (PMC) and primary motor cortex (M1) in gait control (43, 44). However studies have 
primarily focussed on motor regions (i.e. SMA, PMC, M1), with few studies simultaneously 
examining cognitive regions (i.e. PFC) (24, 42). Recent imaging studies have shown that with 
age there is breakdown of network processes and connectivity between cortical regions 
involved in gait, executive function, attention and visuospatial ability (24, 45). Although limited 
by the static methodologies employed, these results highlight a shift from automatic to more 
conscious cortical control of gait with increased executive-attentional deployment required 
with ageing to overcome deficits in motor regions (42), which limits resources to implement on 
concurrent tasks. Monitoring real-time activity across cognitive and motor cortical regions in 
young and older adults will enhance understanding of age-related response to dual-tasks. 
This study aimed to: 1) examine activity in motor and cognitive cortical regions when walking 
under single and dual-task in young and older adults; and 2) determine the effect of cognition 
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on dual-task cortical activity changes. Specifically, we compared changes in HbO2 (activation) 
during walking in young and older adults within several motor (PMC, SMA, M1) and cognitive 
(PFC) regions of interest (ROI) bilaterally. To robustly interpret dual-task walking findings, this 
study involved three independent conditions; cognitive (digit vigilance), motor (walking) and 
dual-task (i.e. combined cognitive and motor task) (Figure 1). We hypothesised that older 
adults would demonstrate greater cortical activation during dual-task walking compared to 
young adults, particularly at the PFC. We also hypothesised that cortical activation in older 
adults would relate to cognition.  
2. Materials and Methods  
2.1. Participants 
A convenience sample of 17 young and 18 older adults were recruited for this study through 
adverts placed on university notice boards. This sample size based upon previous fNIRS dual-
task studies (39, 46). All participants provided written informed consent and the study was 
approved by a Newcastle University Research Ethics Committee. Participants were included 
if they were able to walk unaided for at least 5 minutes; community dwelling, had adequate 
hearing and vision, were on stable medication for the past month and within the age range of 
20-40 years for young adults and ≥50 years for older adults. Exclusion criteria were: previous 
diagnosed major gait abnormality, psychiatric co-morbidity, clinical diagnosis of dementia, 
acute lower back or lower extremity pain, chronic musculoskeletal, respiratory, neurological or 
unstable cardiovascular disease. Adequate vision was assessed using a Snellen visual acuity 
chart placed at 6-metres (usual visual correction worn when walking was permitted) (47). All 
testing took place within the Motor Function Laboratory at the Institute of Neuroscience, 
Newcastle University. Potential participants were initially screened during a telephone call and 
then invited to attend a single visit, which lasted approximately 2-3 hours. One older adult 
participant was left handed, with all other participants being right handed.  
2.2. Demographic and cognitive assessments 
Age, sex, height and weight were recorded. Fear of falling was measured using the Falls 
Efficacy Scale (International version; FES-I) (48), depression with the Beck Depression 
Inventory (BDI) (49), and retrospective falls were obtained from self-report. Global cognition 
was measured with the Montreal Cognitive Assessment (MoCA) (50). Attention was examined 
using the simple reaction-time and choice reaction-time assessments of the NE visual 
perception battery (51). Executive function and visuo-spatial ability was assessed using 
stockings of Cambridge (CANTAB, Cambridge Cognition Ltd., Cambridge, England), clock 
drawing and copying, respectively (Royall’s CLOX 1 and 2) (52). Working memory was 
assessed using forward digit span from the Wechsler adult intelligence scale (53).  
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2.3. Experimental design 
2.3.1. Equipment 
A tethered fNIRS optical imaging system (23.8Hz; LABNIRS; Shimadzu, Kyoto, Japan) was 
used to record cortical changes in HbO2 and HHb when walking via continuous wave laser 
diodes with wave-lengths of 780, 805 and 830nm. The fNIRS system measured optical density 
of the raw signal and converted this to HbO2 and HHb using Beer-Lamberts law (34). The 
specific equations (where ∆OD is the change in optical density) used by the fNIRS system 
are;  
∆(𝐻𝑏𝑂2) = (−3.6132)𝑥 ∆𝑂𝐷(780𝑛𝑚) + 1.1397𝑥 ∆𝑂𝐷(805𝑛𝑚) + 3.0154𝑥 ∆𝑂𝐷(830𝑛𝑚)  
∆(𝐻𝐻𝑏) = 3.7837 𝑥 ∆𝑂𝐷(780𝑛𝑚) + (−0.7833)𝑥 ∆𝑂𝐷(805𝑛𝑚) + (−2.5679)𝑥 ∆𝑂𝐷(830𝑛𝑚) 
The fNIRS system consisted of 25 optodes (5x5) with light source emitter (n=13) and detector 
fibres (n=12) (total 40 channels) tethered to the LABNIRS device. The fNIRS optodes overlaid 
the frontal lobe (left and right hemispheres) and covered a 12x12cm area, with an emitter-
detector distance of 3.5cm. Participants wore a whole-head fiber holder marked with labels of 
the international 10-10 EEG System (Whole-Head Fiber Holder, Shimadzu, Kyoto, Japan), 
which allowed for Cz position to be determined for each individuals’ head. A digitizer 
(FASTRAK, Polhemus, VT, USA) was used to provide 3-dimensional (3D) morphological 
locations for cortical ROIs relative to scalp position and the fNIRS optode measure. A 
backpack was used to support fiber cables during walking tasks.  
A tri-axial accelerometer (100Hz, Axivity Ltd., Newcastle upon-Tyne, United Kingdom) was 
placed on participants’ lower back (over the 5th lumbar vertebrae) to measure gait 
characteristics of the participants while walking on the treadmill (54, 55). 
2.4. Protocol and Experimental tasks 
All participants stood still and walked on a treadmill at preferred speed under single or dual-
task. The dual-task consisted of a digit vigilance task, where the researcher provided the 
participant with a number (1 to 9). Next, random numbers (1 to 9) were played over a speaker 
for 30-seconds, while participants counted mentally how many times the number occurred. 
Participants then called out the counted number at the end of the 30-second block. This dual-
task reduced the potential for speech-related artefact data infiltration due to talking and 
enabled standardised blocks of exposure.  
Preferred walking speed on the treadmill was determined by increasing belt speed until it was 
faster than the participant’s preferred speed, then reducing belt speed until preferred speed 
was achieved (56). Participants performed standing tasks first to avoid any carryover effect. 
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Testing was conducted in line with current recommendations (38, 39) and included a cognitive 
task, motor task and dual-task (Figure 1). 
<<Insert Figure 1 here>> 
2.5. Data Analysis and Outcome Measures 
The fNIRS data was analysed using the open-access software package NIRS-statistical 
package metric mapping (NIRS-SPM Version 4, http://www.nitrc.org/projects/nirs_spm), 
which was implemented within MATLAB 2010a (Mathworks, MA, USA) due to incompatibility 
with later versions. NIRS-SPM allows registration of fNIRS channel data onto the Montreal 
Neurological Institute (MNI) standard space (57) (Figure 2). NIRS-SPM used probabilistic 
registration of the fNIRS co-ordinate data to determine channels that related to ROIs at the 
group level, which is described in detail by Singh et al. (2005) (57, 58). Overall, HbO2 changes 
were recorded bilaterally (left and right) within several ROI, including; PFC, SMA, PMC and 
the M1. Digitizer 3D results adjusted for individual variation by showing that the following 
Brodmann areas (BA) corresponded to the ROIs; BA8, 9, 10, 45 and 46 for PFC, BA6 lateral 
for PMC, BA6 medial for SMA and BA4 for M1.  
The fNIRS data was processed using time-series analysis within NIRS-SPM, which has been 
described in detail elsewhere by Ye et al. (2009) (59). This was conducted in several steps; 
1. Filtering: a low-pass filter (cut-off 0.15Hz) based on canonical hemodynamic 
response function removed high-frequency noise; for detailed information and formula 
for this process see Friston et al. (2000) (60). 
2. De-trending: wavelet-minimum description length algorithm decomposed fNIRS 
measurement into global trends (artefacts), hemodynamic signal and uncorrected 
noise components. The exact formula involved in this processing stage have been 
described in detail by Jang et al. (2009) (61). This step corrected signal distortions due 
to artefact caused by breathing, cardiac cycle, vasomotor or other error related to 
movement.  
3. Baseline correction: signal zeroed to the initial time point of the first trial (i.e. average 
of initial data sample taken from entire fNIRS recording).  
Following NIRS-SPM processing, HbO2 data was exported to MATLAB (R2015a, The 
MathWorks, Inc., Natick, Massachusetts, United States) for further processing with our 
customised algorithm. Channels were averaged per ROI for each hemisphere (i.e. left and 
right, PFC, PMC, SMA and M1). Signals were then normalised for each ROI by dividing them 
by the corresponding block signal average amplitude (20), which reduced amplitude 
differences and allowed data comparison between the participants. The 5 minute trials were 
divided into 30 second blocks and the first and last 5 seconds from each block were removed 
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to account for time taken for a change in haemodynamic response. HbO2 concentrations were 
averaged over the central 20 seconds (35 to 55 seconds for each trial) of the experimental 
task and over 10 seconds of the control task (15 to 25 seconds for each trial) (Figure 1).  
The primary outcome measure was HbO2 concentration, which was used as a marker for 
cortical activation. HbO2 rather than HHb was used due to its sensitivity to walking and 
cognitive tasks (22, 62). Averaged HbO2 (normHbO2) concentrations for each trial (Block 1 to 
5) and differences in HbO2 (diffHbO2) between the control (walk or stand) and experimental 
(dual-task, cognitive or motor (walk)) conditions were calculated.  
Secondary outcomes included gait characteristics of step length, velocity, step time, swing 
time and stance time. Gait outcomes were calculated using our validated custom-made 
MATLAB algorithms, for further information see; (54, 55). In brief, continuous wavelet 
transform (convolution of the accelerometer data and an analyzing function, i.e. mother 
wavelet) estimated initial contact and final contact of the foot with the ground from the vertical 
acceleration trace, which allowed calculation of the gait outcomes. 
<<Insert Figure 2 here>> 
2.6. Statistical Analysis 
Data were analysed using SPSS (v21, IBM, Chicago, Il., USA) and assessed for normality, 
with parametric and non-parametric analysis used where relevant (63). Outcomes assessed 
with non-parametric analysis are detailed in Table 1. Descriptive statistics for demographics, 
cognitive and visual outcomes were calculated. Linear mixed effects models (LMEM) 
determined significance of absolute HbO2 changes (normHbO2) from control to experimental 
task during the different blocks of testing within each of the ROI. Specifically, LMEM were 
created with group (young vs old) as a between subject factor and task (walk and dual, or 
stand and cognitive task or walk) and trial (1, 2, 3, 4, 5) as repeated within-subject factors, 
with treadmill speed as a covariate. All interactions between these features were considered 
within the models. Bonferroni correction for multiple comparisons (p-value / number of 
comparisons) was applied during the post hoc analyses. To clearly present our data, graphs 
of the relative changes across trials (diffHbO2) (i.e. dual-task – walking, or walking – standing 
or cognitive-task - standing) were also created using the same LMEM, without the task factor. 
Spearman’s correlations explored relationships between demographic, gait and cognitive 
characteristics with relative cortical activity levels (diffHbO2 averaged values across trials). 
The level of statistical significance was set at p<0.05. 
Sample size calculation (α=0.05, 1-β=0.8): The study sample size was based upon preliminary 
pilot data from our healthy young and older adults, and previous fNIRS dual-task studies (30, 
36), which have generally used sample sizes of n<20 for young and older adult groups. For 
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our primary aim, we derived an effect size from previous research by Beurskens et al. (2014) 
who tested PFC activity using fNIRS in 15 young and 10 older adults while walking (on a 
treadmill) under single and dual-task conditions. Based on their Age x Condition (single or 
dual-task) findings (F=5.57, p<0.05) with an effect size of 0.96 (Cohens d), a minimum of 30 
subjects (15 per group) was required to detect differences in fNIRS dual-task walking data 
between young and older adults. Pilot data from our cohort demonstrated that this sample size 
would be sufficient to identify changes of 4.3% in cortical activity from single to dual-task with 
a power of 0.8. 
3. Results 
3.1.1. Participants 
Table 1 displays the demographics, cognitive and visual characteristics of the participants. 
Young and older adults were significantly different in age (p<.001) and education (p=.012), 
with older adults having fewer years of formal education. Older adults had significantly reduced 
attention, executive function and visuo-spatial ability. Older adults walked at a slower preferred 
treadmill speed than younger adults (2.7±0.8km/hr vs 3.9±0.7km/hr, p<.001). However, gait 
characteristics while walking on the treadmill did not differ between tasks (walking vs dual-
task walking) or the groups.  
<<Insert Table 1 here>> 
3.1.2. Changes in cortical activity  
3.1.2.1. Dual-task 
Table 2 shows the cortical activity (normHbO2) results for the conditions and interaction effects 
with trial and group with a dual-task. Our results demonstrated that both young and older 
adults respond in a similar manner to a dual-task. Cortical activity (normHbO2) significantly 
increased within all motor ROIs (PMC, SMA, M1) in both groups when performing a dual-task 
(Table 2). Interestingly, PFC (left and right) activation did not significantly change under dual-
task conditions for both groups (left: F=.16, p=.693; right: F=1.14, p=.287, Table 2). Across 
trials cortical activation was greatest within the first and/or second trial (Supplementary Tables 
1 and 2), and a two-way interaction effect (Task*Trial, normHbO2, Table 2) indicated that 
increased activation attenuated over consecutive trials in both groups (Figure 3).  
There were very few group differences in cortical activation (normHbO2 levels) between young 
and older adults when performing a dual-task, with only left SMA activation being significantly 
different (Group*Task, Table 2). This indicated that older adults had less left SMA activation 
under dual-task walking conditions compared to young adults (Supplementary Table 1).  
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<<Insert Table 2 here>> 
3.1.2.2. Independent cognitive and motor tasks 
In contrast to dual-task conditions, independent performance of the cognitive task led to 
significantly increased cortical activity across all ROIs in both groups, with similar attenuation 
across trials (Supplementary Figure 1). Older adults had greater left PFC (F=6.2, p=.013) and 
PMC (F=4.3, p=.040) activation during the cognitive task compared to young adults. 
The largest increases in cortical activity (normHbO2) across all assessed ROIs occurred when 
independently performing a motor task (walking) in both groups (Supplementary Figure 2). 
Supplementary Figure 2 also demonstrated that cortical response to walking appeared more 
consistent than response to a dual-task or independent cognitive task (i.e. similar levels 
activation over each trial with no trend to increase or decrease over time); however, there 
appeared to be a greater response within the PFC and M1 for older adults.  
<<Insert Figure 3 here>> 
3.1.2.3. Demographic, cognitive and gait correlates of cortical activity 
There were few significant relationships between the obtained demographic and cognitive or 
gait measures (reported in Table 1) with relative cortical activity (diffHbO2). The only consistent 
finding was that better executive function (CLOX1) related to greater increase in activity within 
the majority of ROI with a dual-task in both young and older adults (Table 3).  
To our knowledge, this is the first study to explore and compare cortical activity (HbO2) across 
cognitive and motor regions in response to a dual-task in young and older adults. The study 
also examined the relationship between cortical activity dual-task response and cognitive 
characteristics. Results contrasted with our hypotheses. Findings indicated that both young 
and older adults respond in the same manner to a dual-task, with significantly increased 
cortical activity in motor regions (PMC, SMA, M1) and no significant difference in cognitive 
regions (PFC). We also found that cortical activity increased in response to a dual-task 
primarily within initial task exposure (Trials 1 and/or 2) and response attenuated with 
consecutive trials. Dual-task cortical activation related to executive function across both 
groups.  
4.1.1. Cortical activity response to dual-task 
Bilateral cortical activity increased in motor cortical ROIs in both young and older adults under 
dual-task, which was most prominent during the initial dual-task exposure (Trials 1 and 2). 
Holtzer, Mahoney (64) found similar attenuation of cortical activity response to walking and 
dual-task following the first two trials, although attenuation to their spoken dual-task was less 
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evident than the present study. Our results also agree with previous imaging work that has 
shown that internally and externally driven tasks increase cortical activation in multiple motor 
cortical regions (65, 66). However, PFC activity did not significantly increase under dual-task 
and there was no significant difference in PFC activity between the groups. Our findings agree 
with some previous reports (18, 35), but also contrast with several previous studies that have 
identified PFC activation group differences between young and older adults under dual-task 
(36, 37). Similarly, previous studies have reported significantly increased PFC activity under 
dual-task in both young and older adults (35-37). However, examination of multiple ROIs 
allowed our study to identify reduction in left SMA activation under dual-task in older adults 
compared to young adults. Reduced activation in older adults may relate to degradation or 
breakdown in SMA communication with the basal ganglia (BG) and M1 for normal automatic 
gait control (67). Furthermore, evidence demonstrates that the left SMA is involved in 
language processing and speech (68-70), and therefore age-related SMA deficits may impact 
both gait and cognitive task performance with implications for falls risk. Further age-related 
comparison is limited as the majority of previous studies have only involved separate 
investigation of young or older adults (46), or static seated dual-task paradigms (71). 
Methodological protocol or dual-task differences between studies may also have affected 
previous results and comparisons, and the following section discusses these factors. 
4.1.2. The role of protocol and nature of dual-task in cortical activation 
Use of a motor task (i.e. single-task walking) as a baseline condition may have limited the 
capacity to find further increases in cortical activity (HbO2 levels) under dual-task. Previous 
studies have used static baseline conditions of standing (35-37) or sitting (18), which may 
have inflated findings. Indeed, when using standing as a baseline condition, we found large 
increases in HbO2 (normHbO2 and diffHbO2) levels across all ROI when independently 
performing a motor task (i.e. walking) in both young and older adults, with greater response in 
PFC and M1 for older adults. Furthermore, such increases with walking may be due to an 
increase in general perfusion or motion artefact, as well as increased cortical activity (72). 
Therefore, static baseline comparison may not be appropriate and could explain previous 
significant PFC activity changes. 
Previous age comparison studies have primarily investigated dual-task cortical activity 
response during over-ground walking. In contrast, due to the exploratory nature of this study 
and the use of a multi-channel tethered fNIRS system, we used a treadmill set to each 
participants’ preferred walking speed. Cortical activity during treadmill walking differs 
compared to over-ground walking (56), likely due to increased attention to gait with the 
external prompt of the treadmill particularly in those who are unaccustomed to them. The 
treadmill required participants to continue at a set speed and therefore they could not slow 
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their walking under dual-task (Table 1), which occurs when walking over-ground (73). Motor 
regions (i.e. SMA and M1) are associated with gait speed while treadmill walking (74), 
therefore increased motor region activation (increased effort) may have been caused by 
participants having to walk at a faster speed than preferred under dual-task. Indeed, several 
previous studies have demonstrated an increase in cortical activity with faster walking speed 
(75-77).  
The nature of the cognitive task may affect findings. Our cognitive task involved a vigilance-
based attention task that entailed a heard speech paradigm to reduce the risk of artefact 
influencing the HbO2 level recordings (78). In contrast, previous dual-task studies have 
involved continuous or intermittent talking while walking (35, 36, 64). Spoken and inner 
(speaking without vocalisation) speech can influence HbO2 and HHb levels within the cortex 
(79-81), with speaking having the largest effect (80). Increases related to speaking do not 
represent neurovascular coupling alone, hence may not represent greater cortical activation 
(72). Therefore, previous studies may have reported an inflated dual-task response due to 
increased HbO2 levels because of speaking rather than actual cortical activity.  
A key factor to consider when interpreting these and other previous dual-task fNIRS findings 
is the limited understanding of the underlying neural activity involved with different dual-tasks, 
which has been highlighted within a recent systematic review (82). Currently studies report 
that dual tasking involves the PFC (83) and other cortical regions are not often considered. 
However, other regions such as the temporal lobe, which is involved in memory, may also be 
involved in dual-task performance (84) and involvement of cortical regions may differ between 
individuals. For example, even during standing our cognitive task increased cortical activation 
in various regions, with group differences in the left PFC and PMC, which are involved in 
language encoding and word retrieval (85, 86). However, when walking with the same 
cognitive task group differences were not evident. These findings highlight the complexity of 
the underlying mechanisms involved in dual-task performance and the need for further 
understanding.  
4.1.3. Cortical activation relationship with executive function 
We found a consistent relationship between increased cortical activity (diffHbO2) and higher 
executive function across the groups. Findings are consistent with theories that link the PFC 
and other frontal lobe regions (i.e. PMC) (87) to the monitoring and control of executive (and 
attentional) resources to competing task demands (16, 88). Previous studies have 
demonstrated robust relationships between executive function and gait, which relate to the 
underlying cortical activity involved (19). Motor and cognitive processes are functionally 
related with the M1, SMA and PMC regions influenced by the PFC (89), as the conception, 
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initiation and on-going control of movement relate to activation of these regions (90). 
Participants with better executive function likely had greater capacity to increase their cortical 
activation with a dual-task to enable them to maintain their gait and perform the secondary 
task simultaneously.  
4.1.4. Limitations 
The present study has several limitations. Although we have adequately justified our sample 
size it is still relatively small. Similarly, all of the young participants were university students 
with a significantly different education level compared to older adults, which may impact 
cognition and by-proxy gait findings due to the known influence of education on cognition (91). 
This study did not involve a comprehensive cognitive battery which future studies may use to 
uncover further cognitive relationships with cortical activity. Walking was completed on a 
treadmill with a tethered fNIRS device which may not be truly representative of over-ground 
walking and associated cortical outcomes. However, this study assessed multiple cortical 
regions to provide a greater understanding of the contribution of the front lobe to walking and 
dual tasking. Future work may benefit from a full cap system that would allow data capture 
from temporal, parietal and other regions. Future work could examine cortical activity when 
walking in response to a graded secondary cognitive task, which would allow for quantifying 
varying task difficulty. As such there is a need to develop standardised dual-task paradigms, 
which may be used with fNIRS methodologies.  
5. Conclusions 
This study found that both young and older adults respond in a similar manner to dual-task 
conditions. Using a robust methodological approach, we found dual-tasking increased cortical 
activity in multiple motor ROIs in both groups, but older adults do not increase SMA activation 
to the same level as young adults. Overall, changes in cortical activity with a dual-task related 
to executive function. Methodological factors require consideration within future work and 
progression to more natural over-ground walking tasks is required.  
Acknowledgements 
The authors would like to acknowledge Dr Silvia Del Din (Research Associate) for her 
assistance with gait data analysis and Ellen Lirani-Silva (PhD Student and Visiting 
Researcher) for her assistance with data collection. This research is supported by the National 
Institute for Health Research (NIHR) Newcastle Biomedical Research Unit (BRU) and centre 
(BRC) based at Newcastle upon Tyne Hospitals NHS Foundation Trust and Newcastle 
University. The research was also supported by NIHR Newcastle CRF Infrastructure funding 
and Sao Paulo Research Foundation (FAPESP 2016/22750-0; postdoctoral fellowship to 
14 
 
Rodrigo Vitorio). The views expressed are those of the authors and not necessarily those of 
the NHS, the NIHR or the Department of Health. 
Conflicts of Interest 
The authors declare no conflict of interest. 
Data Statement 
All data presented within the current study can be obtained from the corresponding author. 
References 
1. Neider MB, Gaspar JG, McCarley JS, Crowell JA, Kaczmarski H, Kramer AF. Walking 
and talking: Dual-task effects on street crossing behavior in older adults. US: American 
Psychological Association; 2011. p. 260-8. 
2. Holtzer R, Wang C, Verghese J. Performance variance on walking while talking tasks: 
theory, findings, and clinical implications. AGE. 2014;36(1):373-81. 
3. Lamberg EM, Muratori LM. Cell phones change the way we walk. Gait & Posture. 
2012;35(4):688-90. 
4. MacAulay RK, Brouillette RM, Foil HC, Bruce-Keller AJ, Keller JN. A Longitudinal 
Study on Dual-Tasking Effects on Gait: Cognitive Change Predicts Gait Variance in the 
Elderly. PLoS ONE. 2014;9(6):e99436. 
5. Beauchet O, Annweiler C, Dubost V, Allali G, Kressig RW, Bridenbaugh S, et al. Stops 
walking when talking: a predictor of falls in older adults? European Journal of Neurology. 
2009;16(7):786-95. 
6. Hollman JH, Kovash FM, Kubik JJ, Linbo RA. Age-related differences in 
spatiotemporal markers of gait stability during dual task walking. Gait Posture. 
2007;26(1):113-9. 
7. Muir-Hunter SW, Wittwer JE. Dual-task testing to predict falls in community-dwelling 
older adults: a systematic review. Physiotherapy. 2016;102(1):29-40. 
8. Metz DH. Mobility of older people and their quality of life. Transport Policy. 
2000;7(2):149-52. 
9. Beurskens R, Bock O. Age-Related Deficits of Dual-Task Walking: A Review. Neural 
Plasticity. 2012;2012:8. 
10. McFadyen BJ, Gagne M, Cossette I, Ouellet M. Using dual task walking as an aid to 
assess executive dysfunction ecologically in neurological populations: A narrative review. 
Neuropsychological Rehabilitation. 2017;27(5):722-43. 
15 
 
11. Priest AW, Salamon KB, Hollman JH. Age-related differences in dual task walking: a 
cross sectional study. Journal of NeuroEngineering and Rehabilitation. 2008;5(1):29. 
12. Malcolm BR, Foxe JJ, Butler JS, De Sanctis P. The aging brain shows less flexible 
reallocation of cognitive resources during dual-task walking: A mobile brain/body imaging 
(MoBI) study. NeuroImage. 2015;117:230-42. 
13. Baddeley A. Working memory. Science (New York, NY). 1992;255(5044):556-9. 
14. Baddeley A. Exploring the Central Executive. The Quarterly Journal of Experimental 
Psychology Section A. 1996;49(1):5-28. 
15. Alvarez JA, Emory E. Executive function and the frontal lobes: a meta-analytic review. 
Neuropsychology review. 2006;16(1):17-42. 
16. Yogev-Seligmann G, Hausdorff JM, Giladi N. The role of executive function and 
attention in gait. Movement disorders : official journal of the Movement Disorder Society. 
2008;23(3):329-42; quiz 472. 
17. Springer S, Giladi N, Peretz C, Yogev G, Simon ES, Hausdorff JM. Dual-tasking effects 
on gait variability: the role of aging, falls, and executive function. Movement disorders : official 
journal of the Movement Disorder Society. 2006;21. 
18. Beurskens R, Helmich I, Rein R, Bock O. Age-related changes in prefrontal activity 
during walking in dual-task situations: a fNIRS study. International Journal of 
Psychophysiology. 2014;92(3):122-8. 
19. Doi T, Makizako H, Shimada H, Park H, Tsutsumimoto K, Uemura K, et al. Brain 
activation during dual-task walking and executive function among older adults with mild 
cognitive impairment: a fNIRS study. Aging Clin Exp Res. 2013;25(5):539-44. 
20. Koenraadt KLM, Roelofsen EGJ, Duysens J, Keijsers NLW. Cortical control of normal 
gait and precision stepping: An fNIRS study. NeuroImage. 2014;85, Part 1:415-22. 
21. Mirelman A, Maidan I, Bernad-Elazari H, Nieuwhof F, Reelick M, Giladi N, et al. 
Increased frontal brain activation during walking while dual tasking: An fNIRS study in healthy 
young adults. Journal of NeuroEngineering and Rehabilitation. 2014;11(1). 
22. Suzuki M, Miyai I, Ono T, Kubota K. Activities in the frontal cortex and gait performance 
are modulated by preparation. An fNIRS study. NeuroImage. 2008;39(2):600-7. 
23. Mihara M, Miyai I, Hatakenaka M, Kubota K, Sakoda S. Role of the prefrontal cortex 
in human balance control. NeuroImage. 2008;43(2):329-36. 
24. Holtzer R, Epstein N, Mahoney JR, Izzetoglu M, Blumen HM. Neuroimaging of mobility 
in aging: a targeted review. The Journals of Gerontology Series A: Biological Sciences and 
Medical Sciences. 2014;69(11):1375-88. 
25. Holper L, Scholkmann F, Shalóm DE, Wolf M. Extension of mental preparation 
positively affects motor imagery as compared to motor execution: A functional near-infrared 
spectroscopy study. Cortex. 2012;48(5):593-603. 
16 
 
26. Ferrari M, Quaresima V. A brief review on the history of human functional near-infrared 
spectroscopy (fNIRS) development and fields of application. Neuroimage. 2012;63(2):921-35. 
27. Strangman G, Culver JP, Thompson JH, Boas DA. A quantitative comparison of 
simultaneous BOLD fMRI and NIRS recordings during functional brain activation. 
Neuroimage. 2002;17(2):719-31. 
28. Jobsis FF. Noninvasive, infrared monitoring of cerebral and myocardial oxygen 
sufficiency and circulatory parameters. Science (New York, NY). 1977;198(4323):1264-7. 
29. Strangman G, Culver JP, Thompson JH, Boas DA. A Quantitative Comparison of 
Simultaneous BOLD fMRI and NIRS Recordings during Functional Brain Activation. 
NeuroImage. 2002;17(2):719-31. 
30. Cooper R, Selb J, Gagnon L, Phillip D, Schytz H, Iversen H, et al. A Systematic 
Comparison of Motion Artifact Correction Techniques for Functional Near-Infrared 
Spectroscopy. Frontiers in Neuroscience. 2012;6(147). 
31. Steinbrink J, Villringer A, Kempf F, Haux D, Boden S, Obrig H. Illuminating the BOLD 
signal: combined fMRI-fNIRS studies. Magnetic resonance imaging. 2006;24(4):495-505. 
32. Naseer N, Hong K-S. fNIRS-based brain-computer interfaces: a review. Frontiers in 
Human Neuroscience. 2015;9(3). 
33. Kocsis L, Herman P, Eke A. The modified Beer-Lambert law revisited. Physics in 
medicine and biology. 2006;51(5):N91-8. 
34. Delpy DT, Cope M, van der Zee P, Arridge S, Wray S, Wyatt J. Estimation of optical 
pathlength through tissue from direct time of flight measurement. Physics in medicine and 
biology. 1988;33(12):1433-42. 
35. Fraser SA, Dupuy O, Pouliot P, Lesage F, Bherer L. Comparable cerebral oxygenation 
patterns in younger and older adults during dual-task walking with increasing load. Frontiers 
in aging neuroscience. 2016;8. 
36. Holtzer R, Mahoney JR, Izzetoglu M, Izzetoglu K, Onaral B, Verghese J. fNIRS Study 
of Walking and Walking While Talking in Young and Old Individuals. The Journals of 
Gerontology Series A: Biological Sciences and Medical Sciences. 2011;66(8):879-87. 
37. Mirelman A, Maidan I, Bernad-Elazari H, Shustack S, Giladi N, Hausdorff JM. Effects 
of aging on prefrontal brain activation during challenging walking conditions. Brain and 
Cognition. 2017;115:41-6. 
38. Herold F, Wiegel P, Scholkmann F, Thiers A, Hamacher D, Schega L. Functional near-
infrared spectroscopy in movement science: a systematic review on cortical activity in postural 
and walking tasks. Neurophotonics. 2017;4(4):041403. 
39. Vitorio R, Stuart S, Rochester L, Alcock L, Pantall A. fNIRS response during walking - 
Artefact or cortical activity? A systematic review. Neuroscience and biobehavioral reviews. 
2017;83:160-72. 
17 
 
40. Lu C-F, Liu Y-C, Yang Y-R, Wu Y-T, Wang R-Y. Maintaining Gait Performance by 
Cortical Activation during Dual-Task Interference: A Functional Near-Infrared Spectroscopy 
Study. PLOS ONE. 2015;10(6):e0129390. 
41. Stuart S, Vitorio R, Morris R, Martini DN, Fino PC, Mancini M. Cortical activity during 
walking and balance tasks in older adults and in people with Parkinson's disease: A structured 
review. Maturitas. 2018;113:53-72. 
42. Seidler RD, Bernard JA, Burutolu TB, Fling BW, Gordon MT, Gwin JT, et al. Motor 
control and aging: Links to age-related brain structural, functional, and biochemical effects. 
Neuroscience & Biobehavioral Reviews. 2010;34(5):721-33. 
43. Zwergal A, Linn J, Xiong G, Brandt T, Strupp M, Jahn K. Aging of human supraspinal 
locomotor and postural control in fMRI. Neurobiology of aging. 2012;33(6):1073-84. 
44. Heuninckx S, Wenderoth N, Debaere F, Peeters R, Swinnen SP. Neural basis of aging: 
the penetration of cognition into action control. The Journal of neuroscience : the official journal 
of the Society for Neuroscience. 2005;25(29):6787-96. 
45. Sorond FA, Cruz-Almeida Y, Clark DJ, Viswanathan A, Scherzer CR, De Jager P, et 
al. Aging, the Central Nervous System, and Mobility in Older Adults: Neural Mechanisms of 
Mobility Impairment. The Journals of Gerontology: Series A. 2015;70(12):1526-32. 
46. Hamacher D, Herold F, Wiegel P, Hamacher D, Schega L. Brain activity during 
walking: A systematic review. Neuroscience & Biobehavioral Reviews. 2015;57:310-27. 
47. Lovie-Kitchin JE. Validity and reliability of viscual acuity measurements. Ophthalmic 
and Physiological Optics. 1988;8(4):363-70. 
48. Yardley L, Beyer N, Hauer K, Kempen G, Piot-Ziegler C, Todd C. Development and 
initial validation of the Falls Efficacy Scale-International (FES-I). Age and ageing. 
2005;34(6):614-9. 
49. Beck AT, Guth D, Steer RA, Ball R. Screening for major depression disorders in 
medical inpatients with the Beck Depression Inventory for Primary Care. Behaviour Research 
and Therapy. 1997;35(8):785-91. 
50. Dalrymple-Alford JC, MacAskill MR, Nakas CT, Livingston L, Graham C, Crucian GP, 
et al. The MoCA: well-suited screen for cognitive impairment in Parkinson disease. Neurology. 
2010;75(19):1717-25. 
51. Elder GJ, Firbank MJ, Kumar H, Chatterjee P, Chakraborty T, Dutt A, et al. Effects of 
transcranial direct current stimulation upon attention and visuoperceptual function in Lewy 
body dementia: a preliminary study. International psychogeriatrics. 2016;28(2):341-7. 
52. Royall DR, Cordes JA, Polk M. CLOX: an executive clock drawing task. Journal of 
neurology, neurosurgery, and psychiatry. 1998;64(5):588-94. 
53. Wechsler D. A standardized memory scale for clinical use. The Journal of Psychology. 
1945;19(1):87-95. 
18 
 
54. Godfrey A, Del Din S, Barry G, Mathers JC, Rochester L. Instrumenting gait with an 
accelerometer: A system and algorithm examination. Medical engineering & physics. 
2015;37(4):400-7. 
55. Del Din S, Godfrey A, Galna B, Lord S, Rochester L. Free-living gait characteristics in 
ageing and Parkinson’s disease: impact of environment and ambulatory bout length. Journal 
of NeuroEngineering and Rehabilitation. 2016;13:46. 
56. Clark DJ, Christou EA, Ring SA, Williamson JB, Doty L. Enhanced Somatosensory 
Feedback Reduces Prefrontal Cortical Activity During Walking in Older Adults. The Journals 
of Gerontology: Series A. 2014;69(11):1422-8. 
57. Tsuzuki D, Dan I. Spatial registration for functional near-infrared spectroscopy: from 
channel position on the scalp to cortical location in individual and group analyses. 
Neuroimage. 2014;85:92-103. 
58. Singh AK, Okamoto M, Dan H, Jurcak V, Dan I. Spatial registration of multichannel 
multi-subject fNIRS data to MNI space without MRI. NeuroImage. 2005;27(4):842-51. 
59. Ye JC, Tak S, Jang KE, Jung J, Jang J. NIRS-SPM: Statistical parametric mapping for 
near-infrared spectroscopy. NeuroImage. 2009;44(2):428-47. 
60. Friston KJ, Mechelli A, Turner R, Price CJ. Nonlinear responses in fMRI: the Balloon 
model, Volterra kernels, and other hemodynamics. NeuroImage. 2000;12(4):466-77. 
61. Jang KE, Tak S, Jung J, Jang J, Jeong Y, Ye JC. Wavelet minimum description length 
detrending for near-infrared spectroscopy. Journal of biomedical optics. 2009;14(3):034004--
13. 
62. Miyai I, Tanabe HC, Sase I, Eda H, Oda I, Konishi I, et al. Cortical mapping of gait in 
humans: a near-infrared spectroscopic topography study. Neuroimage. 2001;14(5):1186-92. 
63. Field A. Discovering statistics using IBM SPSS statistics. 4th ed. London, UK: Sage; 
2013. 915 p. 
64. Holtzer R, Mahoney JR, Izzetoglu M, Wang C, England S, Verghese J. Online fronto-
cortical control of simple and attention-demanding locomotion in humans. NeuroImage. 
2015;112:152-9. 
65. Jenkins IH, Jahanshahi M, Jueptner M, Passingham RE, Brooks DJ. Self-initiated 
versus externally triggered movements. II. The effect of movement predictability on regional 
cerebral blood flow. Brain : a journal of neurology. 2000;123 ( Pt 6):1216-28. 
66. Francois-Brosseau FE, Martinu K, Strafella AP, Petrides M, Simard F, Monchi O. Basal 
ganglia and frontal involvement in self-generated and externally-triggered finger movements 
in the dominant and non-dominant hand. The European journal of neuroscience. 
2009;29(6):1277-86. 
19 
 
67. Redgrave P, Rodriguez M, Smith Y, Rodriguez-Oroz MC, Lehericy S, Bergman H, et 
al. Goal-directed and habitual control in the basal ganglia: implications for Parkinson’s 
disease. Nature reviews Neuroscience. 2010;11(11):760-72. 
68. Hertrich I, Dietrich S, Ackermann H. The role of the supplementary motor area for 
speech and language processing. Neuroscience and biobehavioral reviews. 2016;68:602-10. 
69. Alario FX, Chainay H, Lehericy S, Cohen L. The role of the supplementary motor area 
(SMA) in word production. Brain research. 2006;1076(1):129-43. 
70. Sailor J, Meyerand ME, Moritz CH, Fine J, Nelson L, Badie B, et al. Supplementary 
Motor Area Activation in Patients with Frontal Lobe Tumors and Arteriovenous Malformations. 
American Journal of Neuroradiology. 2003;24(9):1837. 
71. Lague-Beauvais M, Fraser SA, Desjardins-Crepeau L, Castonguay N, Desjardins M, 
Lesage F, et al. Shedding light on the effect of priority instructions during dual-task 
performance in younger and older adults: A fNIRS study. Brain Cogn. 2015;98:1-14. 
72. Tachtsidis I, Scholkmann F. False positives and false negatives in functional near-
infrared spectroscopy: issues, challenges, and the way forward. Neurophotonics. 
2016;3(3):031405-. 
73. Al-Yahya E, Dawes H, Smith L, Dennis A, Howells K, Cockburn J. Cognitive motor 
interference while walking: A systematic review and meta-analysis. Neuroscience & 
Biobehavioral Reviews. 2011;35(3):715-28. 
74. Harada T, Miyai I, Suzuki M, Kubota K. Gait capacity affects cortical activation patterns 
related to speed control in the elderly. Exp Brain Res. 2009;193(3):445-54. 
75. Suzuki M, Miyai I, Ono T, Oda I, Konishi I, Kochiyama T, et al. Prefrontal and premotor 
cortices are involved in adapting walking and running speed on the treadmill: an optical 
imaging study. Neuroimage. 2004;23(3):1020-6. 
76. Harada T, Miyai I, Suzuki M, Kubota K. Gait capacity affects cortical activation patterns 
related to speed control in the elderly. Exp Brain Res. 2009;193(3):445-54. 
77. Metzger FG, Ehlis AC, Haeussinger FB, Schneeweiss P, Hudak J, Fallgatter AJ, et al. 
Functional brain imaging of walking while talking - An fNIRS study. Neuroscience. 
2017;343:85-93. 
78. Scholkmann F, Klein SD, Gerber U, Wolf M, Wolf U. Cerebral hemodynamic and 
oxygenation changes induced by inner and heard speech: a study combining functional near-
infrared spectroscopy and capnography. J Biomed Opt. 2014;19(1):17002. 
79. Scholkmann F, Kleiser S, Metz AJ, Zimmermann R, Mata Pavia J, Wolf U, et al. A 
review on continuous wave functional near-infrared spectroscopy and imaging instrumentation 
and methodology. Neuroimage. 2014;85 Pt 1:6-27. 
20 
 
80. Scholkmann F, Gerber U, Wolf M, Wolf U. End-tidal CO 2: an important parameter for 
a correct interpretation in functional brain studies using speech tasks. Neuroimage. 
2013;66:71-9. 
81. Scholkmann F, Wolf M, Wolf U. The effect of inner speech on arterial CO2 and cerebral 
hemodynamics and oxygenation: a functional NIRS study.  Oxygen Transport to Tissue XXXV: 
Springer; 2013. p. 81-7. 
82. Leone C, Feys P, Moumdjian L, D’Amico E, Zappia M, Patti F. Cognitive-motor dual-
task interference: A systematic review of neural correlates. Neuroscience & Biobehavioral 
Reviews. 2017;75:348-60. 
83. Watanabe K, Funahashi S. Neural mechanisms of dual-task interference and cognitive 
capacity limitation in the prefrontal cortex. Nat Neurosci. 2014;17(4):601-11. 
84. Liebherr M, Schubert P, Schiebener J, Kersten S, Hass CT. Dual-tasking and aging—
About multiple perspectives and possible implementations in interventions for the elderly. 
Cogent Psychology. 2016;3(1):1261440. 
85. Petrides M, Alivisatos B, Meyer E, Evans AC. Functional activation of the human frontal 
cortex during the performance of verbal working memory tasks. Proceedings of the National 
Academy of Sciences. 1993;90(3):878-82. 
86. Devlin JT, Matthews PM, Rushworth MFS. Semantic processing in the left inferior 
prefrontal cortex: a combined functional magnetic resonance imaging and transcranial 
magnetic stimulation study. Journal of cognitive neuroscience. 2003;15(1):71-84. 
87. Koechlin E, Ody C, Kouneiher F. The architecture of cognitive control in the human 
prefrontal cortex. Science (New York, NY). 2003;302(5648):1181-5. 
88. Lord S, Rochester L, Hetherington V, Allcock LM, Burn D. Executive dysfunction and 
attention contribute to gait interference in 'off' state Parkinson's Disease. Gait Posture. 
2010;31(2):169-74. 
89. Narayanan NS, Laubach M. TOP-DOWN CONTROL OF MOTOR CORTEX 
ENSEMBLES BY DORSOMEDIAL PREFRONTAL CORTEX. Neuron. 2006;52(5):921-31. 
90. Leisman G, Moustafa AA, Shafir T. Thinking, Walking, Talking: Integratory Motor and 
Cognitive Brain Function. Frontiers in Public Health. 2016;4:94. 
91. Shuba N, Prakash B. EFFECTS OF AGE, GENDER AND EDUCATION LEVEL ON 
COGNITION IN ELDERLY PEOPLE. Journal of Evolution of Medical and Dental Sciences. 
2017;6(95):6952-7. 
 
 
 
Figure Captions: 
21 
 
 
Figure 1 - Experimental design for the separate conditions  
Figure 2 – Montreal Neurological Institute (MNI) co-ordinates for fNIRS emitter and 
detector optodes exported from NIRS-SPM software 
Figure 3 – Difference in cortical activity (mean ± SE) with a dual-task [*significance level 
p<0.05 between group difference in the specified trial; significant difference between trials are 
displayed within square brackets, PFC = prefrontal cortex; PMC = premotor cortex; SMA = 
supplementary motor area; M1 = primary motor cortex] 
 
Supplementary Figure 1 – Difference in cortical activity (mean ± SE) with a cognitive 
task [*significance level p<0.05 between group difference in the specified trial; significant 
difference between trials are displayed within square brackets, PFC = prefrontal cortex; PMC 
= premotor cortex; SMA = supplementary motor area; M1 = primary motor cortex] 
Supplementary Figure 2 – Difference in cortical activity (mean ± SE) with a motor task 
[*significance level p<0.05 between group difference in the specified trial; significant difference 
between trials are displayed within square brackets, PFC = prefrontal cortex; PMC = premotor 
cortex; SMA = supplementary motor area; M1 = primary motor cortex] 
Supplementary Table 1 - Relative concentrations of HbO2 during dual-task 





Table 1 - Demographic, cognitive, visual and clinical characteristics 
  
Young Adults 
(n=17) 
Older Adults 
(n=18) p 
Demographic Age (years) 20.3 (1.2) 72.6 (8.0) <.001*  
Sex (m/f) 8m / 9f 9m / 9f .862† 
 Height (m) 1.73 (0.10) 1.69 (0.08) .274 
 Weight (kg) 65.5 (13.6) 74.1 (18.6) .128 
 Education (years) 15.7 (0.8) 13.6 (3.3) .012* 
 Beck Depression Inventory (BDI) 3.0 (10.0)‡ 3.5 (22.0)‡ .708⌠ 
 Falls efficacy scale (FES-I) 17.5 (1.4) 19.6 (5.5) .129 
Global cognition Montreal Cognitive Assessment (MoCA)  28.2 (1.4) 28.1 (1.5) .892 
Attention Simple reaction time (Mean) 315.9 (42.5) 372.2 (64.0) .004* 
 Choice reaction time (Mean) 400.8 (38.7) 529.3 (48.1) <.001* 
Executive function Royals CLOX 1  13.8 (1.15) 12.8 (1.6) .059 
 SOC (Problems solved in minimum moves) 8.7 (1.7) 6.3 (2.4) .002* 
Visuo-spatial ability Royals CLOX 2 14.4 (0.8) 13.6 (1.2) .033* 
Working memory Max Digit Span Length (sitting) 6.3 (1.1) 6.0 (1.2) .444 
Visual function Visual acuity (Snellen chart) 4.5 (0.7) 5.0 (1.9) .354 
Treadmill speed Comfortable pace (km/hr) 3.9 (0.7) 2.7 (0.8) <.001* 
Dual-task errors - (%) Standing % (Min, Max) 0.0 (0.0, 11.1) ‡ 0.0 (0.0, 7.4) ‡ .832⌠ 
 Walking % (Min, Max) 0.0 (0.0, 3.7) ‡ 0.0 (0.0, 3.7) ‡ .590⌠ 
Single-task walking Step Length (m) 0.50 (0.06) 0.47 (0.06) .096 
 Step Velocity (m/s) 0.85 (0.16) 0.80 (0.13) .289 
 Step Time (s) 0.60 (0.05) 0.58 (0.06) .411 
 Stance Time (s) 0.72 (0.04) 0.72 (0.06) .796 
 Swing Time (s) 0.48 (0.06) 0.47 (0.06) .635 
Dual-task walking Step Length (m) 0.51 (0.06) 0.47 (0.06) .051 
 Step Velocity (m/s) 0.86 (0.16) 0.80 (0.12) .208 
 Step Time (s) 0.60 (0.05) 0.59 (0.06) .536 
 Stance Time (s) 0.72 (0.04) 0.72 (0.06) .850 
 Swing Time (s) 0.48 (0.06) 0.47 (0.07) .764 
[Mean and standard deviation presented unless otherwise stated, *significance level p<0.05, † = X², ‡ = Median and range, ⌠ = Man-
Whitney-U test, SOC = stockings of Cambridge] 
 
 
Table 2 – Linear Mixed Effects Model Fixed Effects for Cortical Activity (normHbO2) 
during a dual-task 
Cortical region Task Task*Trial Group*Task 
    
Left PFC F4,297 = 0.16 F4,297 = 5.35** F4,297 = 1.96 
Right PFC F4,297 = 1.14 F4,297 = 5.45** F4,297 = 2.22 
Left PMC F4,297 = 30.26** F4,297 = 2.84* F4,297 = 0.10 
Right PMC F4,297 = 35.11** F4,297 = 4.66* F4,297 = 0.12 
Left SMA  F4,297 = 123.40** F4,297 = 3.97* F4,297 = 6.68* 
Right SMA F4,297 = 98.88** F4,297 = 4.20* F4,297 = 2.40 
Left M1 F4,297 = 135.34** F4,297 = 3.09* F4,297 = 1.48 
Right M1 F4,297 = 113.16** F4,297 = 3.74* F4,297 = 0.00 
    
[significance level *p<0.05 **p<.001, PFC = pre-frontal cortex, PMC = pre-motor cortex, SMA = supplementary motor area, 
M1 = primary motor cortex] 
 
Table 3 –Demographic and cognitive outcome relationship with relative cortical 
activity (diffHbO2) under dual-task walking 
 [*significance level p<0.05, Spearman’s rho correlations presented, PFC = pre-frontal cortex, PMC = pre-motor cortex, SMA = supplementary 
motor area, M1 = primary motor area, CLOX1 = Royalls clock drawing] 
Rho (p) Executive Function (CLOX1) 
Cortical region YA OA All participants 
Left PFC .383 (.129) .257 (.304) .285 (.097) 
Right PFC .346 (.174) .176 (.484) .358 (.034*) 
Left PMC .296 (.248) .298 (.230) .334 (.050*) 
Right PMC .520 (.032*) .428 (.076) .436 (.009*) 
Left SMA  .235 (.363) .449 (.062) .411 (.014*) 
Right SMA -.034 (.896) .505 (.032*) .267 (.122) 
Left M1 .232 (.371) .125 (.622) .256 (.137) 
Right M1 .265 (.305) .439 (.069) .357 (.035*) 
Supplementary Table 1 – Relative concentrations of HbO2 during dual-task 
  Young Adult Older Adult 
  Mean SE Mean SE 
LPFC Trial 1 -0.086 0.059 0.065 0.057 
 Trial 2 -0.174 0.059 0.025 0.057 
 Trial 3 0.159 0.059 0.304 0.057 
 Trial 4 0.354 0.059 0.222 0.057 
 Trial 5 0.076 0.059 0.113 0.057 
RPFC Trial 1 0.221 0.071 0.04 0.069 
 Trial 2 -0.076 0.071 0.192 0.069 
 Trial 3 -0.015 0.071 0.182 0.069 
 Trial 4 0.237 0.071 0.274 0.069 
 Trial 5 -0.017 0.071 0.294 0.069 
LPMC Trial 1 0.276 0.081 0.024 0.079 
 Trial 2 0.018 0.081 -0.25 0.079 
 Trial 3 0.042 0.081 -0.011 0.079 
 Trial 4 0.305 0.081 0.017 0.079 
 Trial 5 0.035 0.081 0.008 0.079 
RPMC Trial 1 -0.017 0.078 0.148 0.076 
 Trial 2 0.067 0.078 0.008 0.076 
 Trial 3 0.176 0.078 0.149 0.076 
 Trial 4 0.309 0.078 0.355 0.076 
 Trial 5 0.252 0.078 0.111 0.076 
LSMA Trial 1 0.369 0.059 0.091 0.058 
 Trial 2 0.363 0.059 0.49 0.058 
 Trial 3 0.393 0.059 0.433 0.058 
 Trial 4 0.715 0.059 0.159 0.058 
 Trial 5 0.406 0.059 0.101 0.058 
RSMA Trial 1 0.391 0.054 0.496 0.053 
 Trial 2 0.409 0.054 0.300 0.053 
 Trial 3 0.351 0.054 0.385 0.053 
 Trial 4 0.507 0.054 0.648 0.053 
 Trial 5 0.398 0.054 0.618 0.053 
LM1 Trial 1 0.279 0.051 0.416 0.049 
 Trial 2 0.545 0.051 0.435 0.049 
 Trial 3 0.293 0.051 0.483 0.049 
 Trial 4 0.364 0.051 0.635 0.049 
 Trial 5 0.496 0.051 0.524 0.049 
RM1 Trial 1 0.162 0.063 0.304 0.061 
 Trial 2 0.169 0.063 0.516 0.061 
 Trial 3 0.123 0.063 0.496 0.061 
 Trial 4 0.382 0.063 0.566 0.061 
 Trial 5 0.198 0.063 0.673 0.061 
[SE = standard error, L = left, R = right, PFC = prefrontal cortex, PMC = premotor cortex, SMA = supplementary motor area, M1 = 
primary motor area]  
Supplementary Table 2 – Between trial differences in relative concentrations of HbO2 during dual-task 
Trial (I) Trial (J) LPFC RPFC LPMC RPMC LSMA RSMA LM1 RM1 
  Diff p Diff p Diff p Diff p Diff p Diff p Diff p Diff p 
Trial 1 Trial 2 -0.015 0.81 -0.03 0.58 0.02 0.74 0.01 0.92 -0.07 0.21 -0.09 0.13 -0.01 0.13 -0.03 0.63 
 Trial 3 0.062 0.33 0.07 0.24 0.10 0.09 0.06 0.32 0.00 0.99 0.03 0.64 0.04 0.64 0.04 0.50 
 Trial 4 0.102 0.11 0.06 0.34 0.12 0.06 0.06 0.36 0.07 0.19 0.02 0.73 0.08 0.73 0.09 0.15 
 Trial 5 0.231 0.00 0.22 0.00 0.19 0.00 0.23 0.00 0.15 0.01 0.15 0.02 0.18 0.02 0.18 0.00 
Trial 2 Trial 1 0.015 0.81 0.03 0.58 -0.02 0.74 -0.01 0.92 0.07 0.21 0.09 0.13 0.01 0.13 0.03 0.63 
 Trial 3 0.077 0.23 0.10 0.09 0.08 0.17 0.06 0.37 0.07 0.21 0.12 0.05 0.05 0.05 0.07 0.25 
 Trial 4 0.117 0.07 0.09 0.13 0.10 0.12 0.05 0.42 0.14 0.01 0.11 0.06 0.08 0.06 0.12 0.06 
 Trial 5 0.247 0.00 0.25 0.00 0.17 0.01 0.22 0.00 0.22 0.00 0.24 0.00 0.19 0.00 0.21 0.00 
Trial 3 Trial 1 -0.062 0.33 -0.07 0.24 -0.10 0.09 -0.06 0.32 0.00 0.99 -0.03 0.64 -0.04 0.64 -0.04 0.50 
 Trial 2 -0.077 0.23 -0.10 0.09 -0.08 0.17 -0.06 0.37 -0.07 0.21 -0.12 0.05 -0.05 0.05 -0.07 0.25 
 Trial 4 0.04 0.53 -0.01 0.83 0.01 0.84 -0.01 0.94 0.07 0.19 -0.01 0.90 0.04 0.90 0.05 0.43 
 Trial 5 0.169 0.01 0.15 0.02 0.09 0.14 0.17 0.01 0.15 0.01 0.12 0.05 0.14 0.05 0.14 0.02 
Trial 4 Trial 1 -0.102 0.11 -0.06 0.34 -0.12 0.06 -0.06 0.36 -0.07 0.19 -0.02 0.73 -0.08 0.73 -0.09 0.15 
 Trial 2 -0.117 0.07 -0.09 0.13 -0.10 0.12 -0.05 0.42 -0.14 0.01 -0.11 0.06 -0.08 0.06 -0.12 0.06 
 Trial 3 -0.04 0.53 0.01 0.83 -0.01 0.84 0.01 0.94 -0.07 0.19 0.01 0.90 -0.04 0.90 -0.05 0.43 
 Trial 5 0.129 0.05 0.16 0.01 0.08 0.21 0.17 0.01 0.08 0.17 0.13 0.04 0.10 0.04 0.09 0.13 
Trial 5 Trial 1 -0.231 0.00 -0.22 0.00 -0.19 0.00 -0.23 0.00 -0.15 0.01 -0.15 0.02 -0.18 0.02 -0.18 0.00 
 Trial 2 -0.247 0.00 -0.25 0.00 -0.17 0.01 -0.22 0.00 -0.22 0.00 -0.24 0.00 -0.19 0.00 -0.21 0.00 
 Trial 3 -0.169 0.01 -0.15 0.02 -0.09 0.14 -0.17 0.01 -0.15 0.01 -0.12 0.05 -0.14 0.05 -0.14 0.02 
 Trial 4 -0.129 0.05 -0.16 0.01 -0.08 0.21 -0.17 0.01 -0.08 0.17 -0.13 0.04 -0.10 0.04 -0.09 0.13 
[Significant p<0.05 values are highlighted in bold. Diff = mean difference between trials (I-J)] 
